Aims: To use functional magnetic resonance imaging (fMRI) to investigate the neural circuitry behind effort-related valuation and motivation in a population of alcohol-dependent participants and healthy controls. Methods: Seventeen alcohol-dependent participants and a comparison group of 17 healthy control participants completed an effort-based motivation paradigm during an fMRI scan, in which they were required to exert effort at varying levels in order to earn a monetary reward. Results: We found that alcohol-dependent participants were less motivated during trials requiring high levels of effort. The whole-brain fMRI analysis revealed that alcohol-dependent participants displayed an increased blood-oxygen-level dependent (BOLD) signal during low and unknown effort cues in the dorsal and ventral striatum compared with healthy controls. Conclusion: These findings provide the first evidence that alcohol-dependent participants and healthy controls differ in their effort-based valuation and motivation processing. Alcohol-dependent participants displayed a hyperactive mesolimbic reward circuitry recruited by non-drug rewards, potentially reflecting a sensitization to reward in this patient population.
INTRODUCTION
Alcohol dependence has been associated with dysfunctional motivational neurocircuitry (Kalivas and Volkow, 2005) . Goal-directed motivated behaviors are characterized by a drive toward rewarding stimuli (Wise, 2004; Salamone et al., 2007) . Motivation can be measured by evaluating the amount of effort one is willing to exert in order to earn a reward (Salamone and Correa, 2012) . Preclinical studies have identified the mesolimbic dopaminergic system and the anterior cingulate cortex as neurocircuitry associated with effort-based motivation (Walton et al., 2003; Salamone et al., 2007) . Inactivation of this neurocircuitry results in decreases in effort-related motivated behavior (Salamone et al., 2007) . Human imaging studies have also identified the dorsal anterior cingulate cortex (dACC; Croxson et al., 2009; Prevost et al., 2010; Vassena et al., 2014) and the ventral striatum (VS; Croxson et al., 2009; Kurniawan et al., 2013; Schouppe et al., 2014; Vassena et al., 2014) as the neural correlates of effort-based motivation.
The VS has been shown to be a key region for motivation and reward processing and has been implicated in addiction. However, there are opposing theories on VS response to non-drug and drug rewards in drug users. The reward deficiency syndrome (RDS) hypothesis, posits that drug users show an impaired motivation, signified by a hypoactive mesolimbic circuitry, for both non-drug and drug rewards (Blum et al., 2000; Koob and Le Moal, 2001) . A second theory, the incentive salience hypothesis, postulates that drugs increase the salience of drugpredictive cues, where dopaminergic brain regions that confer associations with drug rewards become sensitized (Berridge, 2007) . Both the RDS and the incentive salience hypotheses would predict a decreased motivation for non-drug rewards, resulting in a reduction of goaldirected behavior toward these stimuli. Conversely, a third hypothesis suggests that addiction risk is depicted through sensitivity to non-drug rewards, which is associated with hyperactivation of mesolimbic reward circuitry (Bjork et al., 2008; Hommer et al., 2011) . This hypothesis would predict a high level of motivation for both non-drug and drug rewards. Despite these hypotheses, there have been few studies investigating goal-directed motivation for non-drug reward, with the majority of studies reporting implicit measures of motivation (Bjork, 2015) . The few studies that have directly investigated motivation have been in smoking populations and have reported an increase in motivation for cigarettes over monetary reward (Buhler et al., 2010; Lawn et al., 2015) .
It has yet to be investigated if participants with alcohol dependence have deficits in motivation for non-drug reward. The present study sought to investigate this question, using a paradigm that evaluated motivation by measuring effort. As addiction has been hypothesized to disrupt motivational processes, we hypothesized that alcoholdependent participants would exert less effort than healthy controls. Additionally, we hypothesized that alcohol-dependent participants would show alterations in VS activation. It has been proposed that task difficulty influences VS activation (Hommer et al., 2011; LimbrickOldfield et al., 2013) , where slower paced paradigms are associated with no group differences or increased VS activation (Bjork et al., 2008 (Bjork et al., , 2012 Nestor et al., 2010) and more taxing paradigms are associated with decreases in VS activation (Wrase et al., 2007; Beck et al., 2009) . Because of the potential influence of task difficulty on VS activation, we hypothesized that easier, low effort trials would result in increased VS activation in alcohol-dependent participants, while harder, high effort trials would result in a decrease in VS activation.
METHOD

Participants
Seventeen participants with alcohol dependence (ADPs) and 17 healthy control participants (HCs) participated in the study. ADPs were recruited from the National Institute on Alcohol Abuse and Alcoholism inpatient unit at the National Institutes of Health in Bethesda, MD. All participants were right-handed and underwent a complete medical and psychiatric evaluation. Participants were excluded from the study if they had an abnormal physical exam or had laboratory values outside of normal ranges. Participants were given two sub-scales (vocabulary and block design) from the Wechsler Adult Intelligence Scale-Revised (WAIS-R) (Wechsler, 1981) to estimate their intelligence quotient (IQ). Participants with an IQ < 80 were excluded. Participants were also given the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV-TR). ADPs met the DSM-IV criteria for current alcohol dependence. HCs were excluded if they met criteria for alcohol or substance dependence at any time. ADPs were scanned on average 12 days after abstinence, but no more than four weeks after abstinence. HCs and ADPs had a negative urine drug screen prior to their participation in the study; participants were excluded from participation if they were on any medications other than birth control on the day of the study. Participants gave informed consent to participate in this study, which was approved by the National Institutes of Health Institutional Review Board. Demographics can be found in Table 1 .
Experimental paradigm
The paradigm, a modification of the monetary incentive delay task (Knutson et al., 2000) , instructed participants to exert effort, in the form of button presses, to earn a monetary reward. At the start of each trial a fixation cross was presented, followed by a cue shape, which indicated the trial type. Cues were displayed for 2 s. Then after a jittered delay, between 0.75-1.75 s, a target box appeared. The target box was displayed for 1 s. Participants were instructed to press the button during the target presentation. After a further 0.75-3 s delay, participants received feedback.
To evaluate motivation, we manipulated the fixed ratio (FR) response required for each cue. Low effort trials required one button press (FR1), designated by a single line in the cue shape. High effort trials required three button presses (FR3), designated by three lines in the cue shape. In unknown trials, participants could press the button as many times as they thought necessary to succeed (see Fig. 1 ). In unknown trials the required FR ranged from 1 to 5, which was not disclosed to the participants. For all trials, participants worked to earn $0.50 or prevent the loss of $0.20. Participants played a practice round outside of the scanner to familiarize themselves with the task. Participants played two 10-minute rounds of the task in the scanner, with a total of 160 (80 unknown, 40 low, 40 high) trials. Participants' earnings from both runs were added together for total compensation. The average compensation was $46.32 ± 9.90 for HCs and $28.78 ± 18.66 for ADPs.
Analysis of behavioral data
To investigate differences in motivation, we calculated the average number of button presses for unknown trials, as a greater number of button presses would lead to a higher chance of success. Two-tailed t-tests were performed to identify group differences. We also assessed the number of trials where there were no button presses at any time, referred to as nonresponsive trials. Because variances were unequal between groups for the number of non-responsive low and high effort trials, we applied heteroscedastic t-tests. Additionally, we calculated the percentage of successful trials for each trial type. We performed a 2 × 3 ANOVA to identify the main effects of group, effort trial type, and their interaction. Finally, we calculated two reaction time (RT) measurements. We analyzed the RT for the first button press for each trial type and the average RT between button presses for trials requiring multiple button presses. Two-tailed t-tests were used to assess group differences in RT.
MRI acquisition
Imaging was performed using a 3T General Electric MRI scanner (General Electric, Milwaukee, WI, USA) and a 16-channel head coil. Functional scans were acquired using a T2*-sensitive echoplanar sequence that measures changes in blood-oxygen-level dependent (BOLD) contrast (371 volumes, repetition time = 2000 milliseconds, echo time = 30 ms, flip angle = 90, matrix = 64 × 64, field of view = 24 cm). We collected thirty 5.0-mm thick interleaved axial slices with no gap drawn from the base of orbitofrontal cortex upward to the top of the brain (in-plane resolution 3.75 × 3.75 mm), providing whole-brain coverage. Structural scans were acquired using a T1-weighted magnetization-prepared rapid acquisition gradient echo sequence (repetition time = 100 ms; echo time = 7 ms; flip angle = 90, matrix = 256 × 256, field of view = 22 cm), which facilitated localization and co-registration of functional data.
fMRI analysis
Analyses were conducted using Analysis of Functional Neural Images (AFNI) software (Cox, 1996) . Echoplanar image volumes were preprocessed following standard procedures (see (Gilman et al., 2015) for details).
The regression model featured 18 regressors of interest, consisting of the 6 cue and 12 feedback regressors, and 6 regressors of no interest modeling residual motion (3 translations, 3 rotations). To highlight the activity associated with the motivation to earn reward we focused cue presentation. To complement this analysis we also looked at activity associated with successful and unsuccessful feedback. The regressors were convolved using a gamma-variate function that modeled hemodynamic response time. Individual statistical maps were generated separately that consisted of event-related β-coefficient and a t-statistic representing each of the regressors of interest across runs.
We used AFNI's 3dANOVA3 program to calculate the main effect of group, and the interaction between group and effort level. Because groups differed in their smoking status and WAIS IQ scores, we included these measures as covariates. We extracted signal data as β-coefficients for the regions that displayed a significant interaction between group and effort level. We then used JMP 10 (SAS Institute, Inc., Cary, NC) to conduct between-group comparisons. We used a 2 × 2 ANOVA to conduct analysis of feedback success between groups, for high and unknown effort. Because of the high levels of success on low effort trials, we were unable to analyze the feedback condition. We followed the same procedure for regions displaying a significant interaction between group and feedback. We applied a family-wise error-rate correction (using 3dClustSim, a Monte Carlo simulation from AFNI) to rule out false positives. Clusters larger than 32 voxels at a threshold of P < 0.05 were considered significant.
Additionally, we conducted a whole-brain fMRI task validation analysis (see Supplementary material). We also conducted a subgroup analysis to confirm our larger group results. This analysis was focused on participants who responded at an FR > 3 during unknown effort trials and was designed to ensure that the task was unaffected by the subnormal performance of some ADPs. The subgroup analysis containing only the ADPs who responded at an FR > 3 during the target period (n = 11) and a matched comparison group of HCs (n = 11; see Supplementary material).
We used an a priori region of interest (ROI) approach to analyze group differences during effort cue and feedback presentation in the bilateral VS and the dACC. ROIs were placed as 5 mm spheres on the left VS (−10, 10, −4), the right VS (10, 10, −4) as was placed in the study by Bjork and colleagues (Bjork et al., 2008) , and on the dACC (−12, 28, 12) around the peak maxima Talairach coordinates of the cluster identified in the effort study of Croxson and colleagues (Croxson et al., 2009; Schouppe et al., 2014) . Signal data from these ROIs were extracted from each subject as β-coefficients.
RESULTS
Behavioral results
ADPs exhibited fewer button presses during the unknown trials compared to HCs (P < 0.001). There were no differences in the number of non-responsive trials for low or unknown effort. ADPs had more nonresponsive trials during high effort compared to HCs (P < 0.001). There was a main effect of group (F = 23.87, P < 0.001) and a main effect of effort trial type (F = 5.25, P = 0.02) on the percentage of successful trials. There was also a group by effort trial type interaction (F = 5.56, Fig. 1 . fMRI effort paradigm. In each trial one of six cue images that indicated effort-monetary combination appeared on the screen. After a jittered delay a target square appeared. During target presentation, subjects had to press the button the indicated amount of times or as many times as they would like (for unknown trials) in order to earn a monetary reward. A second delay occurred following the target. Finally, trial feedback was presented indicating participant's performance on each specific trial (top) and total (bottom). fMRI, functional magnetic resonance imaging. P = 0.03); ADPs had a lower percentage of successful trials for high (P < 0.001) and unknown (P = 0.027) effort trials. There were no differences in percent success for low effort trials. There were no group differences in RT for the first button press during effort trials. There was also no group difference for the RT between button presses, although there was a trend toward a slower response in ADPs (P = 0.06; see Table 2 ).
fMRI results
We validated our paradigm using a whole-brain, combined group analysis. This analysis revealed significant activations of the VS and dACC during low effort and the VS during high effort (see Supplementary material).
Cue results There was a main effect of group in the left precuneus, left postcentral gyrus, and a cluster extending from the right caudate to the right nucleus accumbens (all P < 0.05, FWE corrected; see Table 3 and Fig. 2 ). The following regions showed an interaction between group and effort cue type: left superior parietal lobule, right precuneus, bilateral middle temporal gyrus, the right culmen, and a cluster containing the left caudate, putamen, and nucleus accumbens (all P < 0.05, FWE corrected; see Table 3 and Fig. 2) .
The post hoc between-group analysis revealed group differences in low and unknown effort conditions. ADPs displayed higher BOLD activation during the presentation of low effort cues in the right culmen and a cluster containing the left caudate and nucleus accumbens, compared to HCs. There were several regions that showed group differences during unknown effort cue presentation. ADPs displayed higher BOLD activation in the left superior parietal lobule, right precuneus, bilateral middle temporal gyrus, right culmen, and a cluster containing the left caudate, putamen, and nucleus accumbens (all P < 0.05, corrected; see Table 3 and Fig. 3) . We found similar between-group results in the subgroup analysis (see Supplementary material).
Feedback results
During high effort feedback, there was a main effect of group in the left middle frontal gyrus and a group by condition interaction in the bilateral caudate (all P < 0.05, FWE corrected; see Table 4 and Fig. 4) . Post hoc between-group analysis revealed that this interaction was largely driven by a divergent response to unsuccessful feedback, where HCs activated and ADPs deactivated, to notification of high effort failure, resulting in an increase in caudate activation in ADPs and a deactivation in the HCs (see Fig. 5 ).
There was no main effect of group nor was there a group by condition interaction for unknown effort feedback. We were unable to evaluate low effort feedback due to the low number of unsuccessful feedback trials. Comparisons that were significant at P < 0.05 are indicated in bold. Group differences displayed by condition. ADPs, alcohol-dependent participants; HCs, healthy control participants. ANOVA and post hoc between-group whole-brain fMRI results for effort cue presentation. Coordinates are presented in Talairach space. All clusters are significant at P < 0.05, FWE corrected.
ADPs, alcohol-dependent participants; HCs, healthy control participants.
Region of interest analysis
We selected the dACC and the bilateral VS as a priori ROIs. ADPs and HCs did not differ in their dACC activation during low, high, or unknown cue presentation (P = 0.11, P = 0.23, and P = 0.22, respectively). There was also no difference during high effort feedback notification of success, failure, or success vs. failure (P = 0.93, P = 0.96, and P = 0.90, respectively), or unknown effort feedback notification of success, failure, or success vs. failure (P = 0.30, P = 0.78, and P = 0.17, respectively). There was a group difference in VS activation during low effort cue presentation (left VS: P = 0.047, right VS: P = 0.009), but not during high effort cue presentation (left VS: P = 0.89, right VS: P = 0.48). There was also a group difference during unknown effort cue presentation (left VS: P = 0.007, right VS: P = 0.02). ADPs displayed higher VS BOLD activation during low and unknown effort cue presentation relative to HCs (see Fig. 6 ). There were no differences in VS activation during high effort feedback notification of success, failure, or success vs. failure (left VS: P = 0.64, P = 0.57, and P = 0.37; right VS: P = 0.79, P = 0.74, P = 0.86), or unknown effort feedback notification of success, failure, or success vs. failure (left VS: P = 0.50, P = 0.80, and P = 0.35; right VS: P = 0.93, P = 0.95, and P = 0.86).
DISCUSSION
We conducted an fMRI study to investigate differences between alcohol-dependent and healthy control participants during an effortbased motivation task. This study provides the first evidence that alcohol-dependent participants have altered motivation processing during cost-benefit valuation. Behaviorally, alcohol-dependent participants were less motivated during high effort trials and were less willing to exert high levels of effort when the effort level was undisclosed. The whole-brain fMRI analysis revealed group differences during low and unknown effort cue presentation and during high effort feedback presentation. Critically, during low and unknown effort cue presentation, alcohol-dependent participants showed increased activation in the dorsal and ventral striatum, regions implicated in effort and motivational processing. These findings will be discussed in depth below.
Overall, we found that ADPs were less motivated during trials requiring a high level of effort. ADPs showed similar levels of motivation to HCs in low and unknown effort trials, as measured by the number of non-responsive trials. While ADPs were willing to engage in unknown effort trials, they exhibited fewer button presses in these trials than HCs. On average, ADPs performed at less than an FR3 response during unknown effort trials, less than what was required for high effort trials. This pattern resulted in a lower percentage of successful trials for the high and unknown effort conditions. Moreover, there were no group differences on RT to first button press for any trial type. Although there has been evidence for motor deficits in ADPs (Parks et al., 2003) , we only found a trend toward increased RT for sustained motor activity in the ADPs. Taken together, the behavioral RT results indicate that there was not a motor deficit in the ADPs.
The whole-brain fMRI analysis revealed group differences during low and unknown effort cue presentation and during high effort feedback presentation. There were no differences in dACC activation during effort cue or feedback presentation, indicating that the dACC was not abnormally functioning in the ADPs. ADPs showed increased VS activation during the easier, low effort trials, and there were no group differences during the harder, high effort trials. ADPs also displayed higher VS activation during unknown effort cue presentation, in which the level of difficulty was undisclosed. We replicated the VS hyperactivation in a subgroup analysis, indicating that the group differences were not an effect of subnormal motor performance in ADPs. ADPs may have viewed unknown and low effort trials as easier than high effort trials, thus placing a greater subjective value on these trials. Alternatively, the ADPs' increased VS activation may reflect a sensitized motivation ('wanting') for reward during low and unknown effort trials. The incentive-sensitization theory posits an increased 'wanting' for drug reward associated with a sensitization of mesolimbic circuitry (Berridge, 2007; Robinson and Berridge, 2008) . Although this sensitization is typically associated with drug-predictive cues, preclinical studies have provided evidence of sensitization for non-drug rewards. Rats pre-treated with amphetamine have shown an excessive pursuit toward natural rewards including sucrose, food, and salt (Wyvell and Berridge, 2001; Nocjar and Panksepp, 2002; Clark and Bernstein, 2004) , and repeated ethanol administration in mice resulted in altered pattern of sucrose intake (Pastor et al., 2010) . Conversely, the increased VS activation may represent an underlying, premorbid hyperactive mesolimbic system that confers addiction risk in ADPs (Hommer et al., 2011; Bjork et al., 2012) , however this explanation is confounded by the lack of increased mesolimbic response during high effort cue presentation.
Several human imaging studies have reported increased VS activation for non-drug rewards in drug users. Cocaine-dependent participants Table 3 for list of significant regions.
displayed increased VS BOLD activation during monetary reward receipt (Jia et al., 2011) . Bjork and colleagues reported an increased VS activation in participants with alcohol and substance dependence during receipt of monetary reward (Bjork et al., 2008) . Chronic cannabis users also displayed an increased VS BOLD activation during anticipation for a monetary reward (Nestor et al., 2010) . However, as several studies have reported contrasting findings on VS BOLD activation for non-drug rewards in drug users (Wrase et al., 2007; Beck et al., 2009; Buhler et al., 2010; Forbes et al., 2014) , additional research is required to address the role of the VS for nondrug rewards.
ADPs also displayed increased BOLD signal in dorsal striatal regions during low and unknown effort cue presentation. This increase was also replicated in our subgroup analysis. Dorsal striatal hyperactivity in ADPs has previously been shown during the expectation of monetary gains (van Holst et al., 2014) . Furthermore, increased activation in the putamen was seen in chronic cocaine users in response to linear increases of monetary reward (Konova et al., 2012) . In the Fig. 3 . Post hoc between-group results-cue. Group difference graphs for regions showing a group by effort level interaction. ADPs showed higher activation in the left striatum and right culmen during low effort cue presentation. ADPs displayed higher activation in the left superior parietal lobule, right precuneus, bilateral middle temporal gyrus, left striatum, and right culmen. *P < 0.05, **P < 0.01, ***P < 0.001. ADPs, alcohol-dependent participants.
present study, ADPs exhibited higher BOLD signal in the caudate and the putamen during low and unknown effort cue presentations. There were no group differences in the dorsal striatum during high effort cue presentation. The monetary value did not change throughout the trials, however the required effort did change, which would lower the net value of the monetary reward for high effort trials. Therefore, our finding of dorsal striatal hyperactivity during low and unknown effort cues, but not during high effort cues, potentially reveals hypersensitivity for net reward in ADPs. The similarity of activations between low and unknown effort trials may be caused by the ADPs setting the net value of reward based on the effort level required (low effort trials) or effort level willing (unknown trials) to earn the reward. The net value of the reward may also been influenced by how participants interpreted the trial difficulty, with an increase in net value for easier trials and a decrease in value for difficult trials. Increases in activation of dorsal striatal regions are associated with increases in motivation (Miller et al., 2014) . Thus, the higher activation in these regions may represent the ADPs' motivation to earn reward in the low and unknown effort trials.
ADPs also showed an increase in caudate activation during high effort feedback presentation compared to HCs. This difference was driven by a divergent response to unsuccessful feedback during high effort trials, where HCs activated and ADPs deactivated the caudate when presented with failure feedback. The caudate is involved in decision-making, specifically in updating goals and shifting attention (Grahn et al., 2008) . HCs may be activating this region during failure feedback as a salience indicator that additional effort is required. Additionally, caudate activity during feedback has been associated with alcoholism scores; individuals who scored lower on an alcoholism questionnaire displayed greater loss sensitivity in the caudate and individuals with high scores displayed gain sensitivity in the caudate (Joseph et al., 2015) , similar to the pattern seen here. However, our high effort results are confounded by the difference in motivation during these trials, specifically that ADPs were nonresponsive on a larger amount of than HCs. This difference may have lowered the expected value of high effort trials for ADPs and may have influenced how they perceived their chances of overall success.
This preliminary study has important limitations. This study had a modest sample size; larger sample sizes will be needed to replicate this finding. The study design was cross-sectional and cannot reveal if increased BOLD response during effort-based valuation is a pre-existing risk factor or a consequence of excessive alcohol consumption. Longitudinal studies will be required to disentangle this question. Additionally, about a quarter of the ADPs met criteria for a current mood or anxiety disorder, which may have influenced the results. Finally, this study did not parametrically modulate monetary reward value. Future studies should utilize both low and high monetary rewards to disentangle the role of increasing monetary value and effort levels in motivation processing and alcohol dependence.
In summary, our present findings provide the first evidence for behavioral and neural substrate differences during effort-based valuation and motivation in a sample of alcohol-dependent and healthy control ANOVA and post hoc between-group whole-brain fMRI results for feedback presentation. Coordinates are presented in Talairach space. All clusters are significant at P < 0.05, FWE corrected.
ADPs, alcohol-dependent participants; HCs, healthy control participants. Clusters shown survived thresholding at P < 0.05, FWE corrected. The (x y z) coordinates refer to Talairach space. See Table 4 for list of significant regions.
participants. Behaviorally, ADPs were less motivated during trials that required high levels of effort and were less willing to exert high levels of effort when the required level of effort was not disclosed. The fMRI analysis revealed that ADPs displayed increased BOLD activation during low and unknown effort cue presentations and during high effort feedback presentation. Overall, these results provide evidence for aberrant motivational processing in alcohol-dependent participants, associated with increased activation of the dorsal and ventral striatum.
SUPPLEMENTARY MATERIAL
Supplementary material is available at Alcohol and Alcoholism online. . Post hoc between-group results-feedback. Group difference graphs for regions showing a group by feedback interaction. ADPs showed increased activation in the bilateral caudate during failure and successful-failure feedback. **P < 0.01, ***P < 0.001. ADPs, alcohol-dependent participants. Fig. 6 . Region of interest results. ROI group differences in (A) left ventral striatum and (B) right ventral striatum activation. For both the left and right VS, ADPs showed significantly higher BOLD activation for low and unknown effort trials. *P < 0.05, **P < 0.01. ADPs, alcohol-dependent participants; ROI, region of interest, VS, ventral striatum.
